Introduction
The storage of solar energy is one of the main challenges for the supply of consumers with renewable energy. [1] Photoisomerization reactions in principle allow the direct conversion of solar energy to chemical energy if the photoproduct has a higher strain energy than the reactant. [2] The stored energy is released on demand by catalytical back-isomerization. One of the most promising molecular solar-thermal energy storage systems is norbornadiene (NBD) which upon irradiation reacts through triplet state [3, 4] by an intramolecular [2+2] cycloaddition to the metastable, energy-rich quadricyclane (QC), [5] [6] [7] [8] first described half a century ago. [9] The cycloreversion of QC back to the NBD (activation energy 140 kJ mol -1 ) releases 89 kJ mol -1 of strain energy as heat. [10] [11] [12] [13] [14] The [2+2] cycloreversion is a thermochemically forbidden reaction and proceeds slowly under ambient conditions over a radical mechanism. [15, 16] However, catalysts such as Co 2+ or Rh 2+ complexes very efficiently convert the QC back to the NBD and release the strain energy stored in the QC compound. [17] For practical solar energy storage applications, it is essential to use heterogenic catalysis (immobilized catalysts) because the reaction can be controlled by addition and removal of the catalyst. [2] Besides transition metal complexes, metal surfaces were found to be effective. The decomposition of desorbed norbornadiene on Pt(111) was proven by MUETTERTIES and co-workes at around 500 K. [18] The catalyzed cycloreversion of unsubstituted quadricyclane to norbornadiene was investigated on Pt(111) and Ni(111) surfaces at low temperatures. [2, 19] The cycloreversion starts at 175 K. Furthermore at 190 K to 220 K the decomposition to a norbornadienyl intermediate was detected which further dehydrogenates and decomposes at 380 K into carbonaceous fragments which confirms the results of MUETTERTIES. [2, 18] Recently, we discovered that the thermochemically forbidden cis-trans isomerization of azobenzenes can be efficiently catalyzed by a completely different mechanism on bulk gold. [20] In contrast to conventional surface catalysis, where the surface is chemically involved in the reaction, electronic coupling to the conducting band of a bulk metal is sufficient to accelerate the rate of isomerization by three orders of magnitude. [21] [22] [23] The reacting azobenzene molecule is not directly absorbed onto the surface but mounted on a carefully designed molecular framework. This approach was coined the platform approach. [24] Three molecular units are combined in a modular way to achieve a controlled absorption on the surface: the platform, a spacer and the functional molecule. Triazatriangulenium (TATA) and trioxatriangulenium (TOTA) units are used as molecular platforms. They adsorb on the surface and form ordered monolayers. A linear spacer (e.g. an ethynyl unit) is attached to the central carbon atom and the functional molecule is mounted on top. This architecture allows investigating molecules on surfaces under controlled conditions. The size of the platforms determine the intermolecular distances and enforce an upright orientation of the free standing functional groups. [25] The length and the nature of the spacer is used to tune the distance and electronic coupling of the functional system on top. [20] Preliminary experiments proved that the electronic coupling to the surface is the decisive parameter controlling the cis-trans rate acceleration of azobenzenes and not the length of the spacer. [20] A full conjugation path from the azobenzene on top through the ethynyl spacer and the platform to a bulk gold surface shortens the half-life of the metastable cis isomer from days to seconds even though the azo N=N group is 11 bonds and 14 Å away from the surface. A singlet→triplet→singlet pathway was suggested to explain the dramatic rate acceleration. To obtain further insight into this unusual mechanism and to explore scope and limitation of the general concept, we are aiming at the extension from simple cis→trans isomerizations to other thermochemically forbidden reactions. Moreover, a deeper understanding of the non-adiabatic, catalytic process and successful application of the concept to the QC→NBD isomerization could open new ways to optimize the molecular solar thermal energy systems. Towards this end, and following the "platform concept", we designed a cyano-substituted norbornadiene, which is functionalized with an acetylene spacer on a TATA platform to investigate an eventual "spin-catalyzed" [2+2] cycloreversion on bulk gold of quadricyclane 1b to norbornadiene 1a (Figure 1 ).
Figure 1:
Theoretically calculated (M062x-D3/def2TZVPP) structures of the norbornadiene platform 1a and the quadricyclane platform 1b. The alkyl side chains at the bridge N atoms of the TATA platforms are omitted for clarity (for geometry coordinates and further details see supporting information). The norbornadiene isomerizes upon irradiation with 385 nm to the quadricyclane 1b, and with 311 nm or thermochemically back to the norbornadiene 1a.
The cycloreversion of most norbornadiene system proceeds smoothly in solution upon irradiation in the presence of triplet sensitizers. [26] If 1b is adsorbed on a gold surface the bulk gold could take the role of a triplet sensitizer, mediate the spin change (which otherwise is forbidden) and accelerate the cycloreversion. Substitution in the 2 and 3 positions shifts the bathochromic absorption to 375 nm which is in agreement with similar systems. [27] Furthermore the cyano and ethynyl group provide a complete conjugation path across the double bond of norbornadiene to the metal. Additionally, it is known that electron withdrawing groups in 2 or 3 position change the triplet energy hypersurface in such a way that a triplet excited quadricyclane 1b decays into the ground state of the norbornadiene 1a, [28] which is a precondition for an efficient QC→NBD isomerization via our postulated non-adiabatic singlet→triplet→singlet mechanism. If our proposed spin change mechanism, mediated by the conducting electrons in bulk gold were correct, interruption of the conjugation path and decoupling from the surface should restore the properties of the system (half-life of the metastable quadricyclane) in solution. According to this line of thought, we synthesized molecule 2 with a methyl-phenyl group inserted into the spacer unit. The methyl group prevents a planar arrangement of the phenyl group and the double bond of the NBD unit and thus lowers the conjugation. We also synthesized the corresponding system directly connected to a TOTA platform 3. Functionalized TOTA molecules are more stable than the corresponding TATA systems and usually can be sublimed without decomposition, which is a necessary precondition for ultra-high vacuum STM investigations. The cyano norbornadiene 4 was synthesized as described in literature (Scheme 1). [29] [30] [31] The bromine compound 4 was converted into the product 5 with a trimethylsilyl protected acetylene substituent (72%) in a SONOGASHIRA cross coupling reaction. The triazatriangulenium ion 6 was synthesized according to a procedure of LAURSEN and KREBS. [32] The platform 6 was functionalized with the norbornadiene 5 by deprotection of the acetylene with potassium hydroxide and in situ formation of the C-C bond between the acetylene and the central C atom of the platform 6 to yield the norbornadiene substituted platform 1 (75%). The TOTA cation with the tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (TOTA + [BAr ) to achieve a high solubility in organic solvents. [33] 3-Bromo-2-cyano norbornadiene 4 was subjected to halogenmetal exchange with n-BuLi and coupled with the central atom of the TOTA platform 8 to obtain the norbornadiene functionalized TOTA platform 3 (22%, Scheme 1). The synthesis of the corresponding TATA platform including an additional ethynyl spacer 2 was obtained in a convergent synthesis (Scheme 2). Boronic ester 9 was synthesized as described in the literature. [34] In a SUZUKI cross coupling reaction norbornadiene 4 was coupled with 9 to the extended norbornadiene 10 (18%), which was attached to the TATA platform 6 to yield the extended norbornadiene platform 2 (44%). The photophysical properties and the switching behaviour of 1 were determined in solution (THF). The UV-vis spectra of 1, 2 and 3 as NBD, QC and after irradiation of QC with 311 nm or 254 nm are shown in Figure 2 . The bathochromic absorption maximum of norbornadiene 1a is at 375 nm (as compared to <300 nm in parent norbornadiene). [35, 36] The absorption maximum of quadricyclane 1b is at 336 nm. The weak and broad absorption band with a maximum at 524 nm is due to the TATA cation generated by decomposition during irradiation with 311 nm. The photostationary states were determined in oxygen containing deuterated benzene and degased deuterated benzene in 1 H NMR measurements (Figure 3 ). Norbornadiene 1a isomerizes quantitatively to quadricyclane 1b by irradiation with 385 nm. Upon irradiation with 311 nm of 1b under nitrogen, the cycloreversion yields 28% norbornadiene (Table 1 ). The efficiency of the cycloreversion is higher under air (52%), however, slow decomposition was observed (cleavage of the TATA + platform). Obviously, in the presence of oxygen, the photochemical cycloreversion proceeds via a triplet radical mechanism. This agrees with observations described in the literature. [16] In degassed benzene neither 1a nor 1b exhibits decomposition upon repeated irradiation with 385 nm and 311 nm. The thermal isomerization of QC 1b back to NBD 1a was investigated by 1 H NMR measurements (Figure 4 ). ] was determined from a linear fit of the Y/t curve.
The cycloreversion follows a first order reaction, the rate constant could be determined by logarithmic fitting of the integrals of the CH2 signals next to the nitrogen atoms of the platform as k = 1.06·10 -3 s -1 under air and 0.95·10 -3 s -1 under nitrogen. Hence, the thermal reaction (in contrast to the photochemical reaction) is not largely affected by oxygen. The half-life of the metastable quadricyclane is t1/2 = 655 h in benzene under air at 293 K (Table 1) . Minor amounts of degradation products (<1%) after following the cycloreversion within a period of one month are visible in the 1 H NMR spectrum. Under nitrogen atmosphere the half-life of the cycloreversion is t1/2 = 732 h (294 K). The rate constant as a function of the temperature follows an Arrhenius-type relationship. The activation energy for the cycloreversion was determined by linear fit of ln(k) as a function of 1/T. The cycloreversion of QC 1b to NBD 1a has an activation energy of 111 KJ mol -1 (degassed deuterated benzene). The switching efficiency of NBD 2a to QC 2b is quantitave (~100%) after irradiation with 385 nm, whereas the photostationary state of NBD 3a to QC 3b is lower with 91%.
No thermal cycloreversion of the quadricyclanes 2b and 3b was observed at room temperature within a period of one month. Obviously, a cyano as well as a neighboring ethynyl substituent are necessary to induce the back-isomerisation at ambient conditions as realized in compound 1. Consequently, future surface chemistry investigations will be performed with compound 1 including the TATA platform and an ethynyl spacer.
Conclusions
In summary, we present the syntheses of three different norbornadiene functionalized platform molecules (1-3). The photochemical switching between the norbornadiene and quadricyclane isomers with two different wavelengths was investigated. Norbornadienes 1 and 2 are quantitatively converted to the corresponding quadricyclanes upon irradiation with light of 385 nm. Back-isomerization with 311 nm to the norbornadiene isomer is less efficient (52%). The high energy quadricyclane isomer is thermochemically unstable at room temperature (halflife 31 d at 21 °C in benzene) only if a cyano as well as an ethynyl substituent are present. No thermal conversion under ambient conditions was observed for 2 and 3, lacking ethinyl substitution. Further studies will be devoted to the surface chemistry of these compounds.
Experimental Section
General Experimental Methods. All compounds were characterized using 1 H and 13 C NMR spectroscopy. The signals were assigned using 2D spectroscopy. 31 (600 mg, 3.06 mmol) was dissolved under nitrogen atmosphere, trimethylsilylacetylene (522 µL, 3.67 mmol), Pd(PPh3)4 (106 mg, 91.8 µmol), copper(I)iodide (58.3 mg, 306 µmol) and triethylamine (1.06 mL, 7.65 mmol) were added and the mixture was stirred for 80 min at 60 °C. The mixture was filtered through celite and the solvent was removed under reduced pressure. The crude product was purified via column chromatography (silica gel, cyclohexane/ ethyl acetate, 4/1) to obtain a yellow liquid (468 mg, 2.19 mmol, 72%). 32 (397 mg, 562 µmol) and powdered potassium hydroxide (263 mg, 3.69 mmol) were added and the mixture was refluxed for 5 h. The mixture was poured onto saturated sodium chloride solution (50 mL) and the aqueous phase extracted with diethyl ether (3x 50 mL). The combined organic layers were dried over magnesium sulfate and the solvent was removed under reduced pressure. The crude product was purified via column chromatography (aluminium oxide basic, diethyl ether) and recrystallized from ethanol to obtain an orange solid (222 mg, 292 µmol, 62%). 20 (m, 32H, H-7a, H-7b, H-18, H-19, H-20, H-21, H-22) , 0.94-0.90 (ps. t, 9H, H-23) ppm. (339 mg, 3 .20 mmol) were suspended under nitrogen atmosphere and refluxed for 19 h. To the mixture H2O (10 mL) was added and the layers were separated. The water layer was extracted with dichloromethane (3x 30 mL) and the combined organic layers were dried over magnesium sulfate. The solvent was removed under reduced pressure and the crude product was purified via column chromatography (silica gel, cyclohexane/ethyl acetate, 1/1) to obtain a yellow oil (59.0 mg, 194 mol, 38%). was dissolved under nitrogen atmosphere and octyl-TATA-BF4 6 (181 mg, 257 mol) and powdered potassium hydroxide (95.9 mg, 1.71 mmol) were added and the mixture and was refluxed for 1 h. The mixture was poured onto sat. sodium chloride solution (30 mL) and extracted with diethylether (3x 50 mL). The combined organic layers were dried over magnesium sulfate and the solvent was removed under reduced pressure. The crude product was purified via column chromatography (aluminium oxide basic, diethyl ether) and recrystallized from ethanol to obtain a grey solid (80.0 mg, 94.2 mol, 44% 33 (636 mg, 1.71 mmol) and sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (1.89 g, 2.10 mmol) were suspended and stirred at room temperature for 2 h. The mixture was filtered and the solution was washed with water (3x 150 mL) and dried over magnesium sulfate. The solvent was removed under reduced pressure and the crude product was dissolved in 25 mL ethyl acetate and precipitated by adding 400 mL cyclohexane. Filtration gave 1.77 g (1.54 mmol, 91%) of a yellowish solid. 20 mmol), dissolved in tetrahydrofurane (abs., 30 mL), was added slowly and stirred for 45 min at -78 °C and further for 20 h at room temperature. To the solution, diethylether (30 mL) was added and the solution was washed with water (3x 50 mL). The combined organic layers were dried over magnesium sulfate and the solvent was removed under reduced pressure. The crude product was purified via column chromatography (alox basic, diethylether) and recrystallized from methanol to obtain a colorless solid (147 mg, 367 µmol, 42%).
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